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Abstract 
Laser additive manufacturing (LAM) is a fabrication technology, which enables production of complex parts from metallic 
materials with mechanical properties comparable to those of conventionally machined parts. These LAM parts are manufactured 
via melting metallic powder layer by layer with laser beam.  
Aim of this study is to define preliminarily the possibilities of using electroplating to supreme surface properties. Electrodeposited 
nickel and chromium as well as electroless (autocatalytic) deposited nickel was used to enhance laser additive manufactured and 
machined parts properties, like corrosion resistance, friction and wearing. 
All test pieces in this study were manufactured with a modified research AM equipment, equal to commercial EOS M series. The 
laser system used for tests was IPG 200 W CW fiber laser. The material used in this study for additive manufacturing was 
commercial stainless steel powder grade named SS316L. This SS316L is not equal to AISI 316L grade, but commercial name of 
this kind of powder is widely known in additive manufacturing as SS316L. Material used for fabrication of comparison test pieces 
(i.e. conventionally manufactured) was AISI 316L stainless steel bar. Electroplating was done in matrix cell and electroless was 
done in plastic sink properties of plated parts were tested within acetic acid salt spray corrosion chamber (AASS, SFS-EN-ISO 
9227 standard). Adhesion of coating, friction and wearing properties were tested with Pin-On-Rod machine. 
Results show that in these preliminary tests, LAM parts and machined parts have certain differences due to manufacturing route 
and surface conditions. These have an effect on electroplated and electroless parts features on adhesion, corrosion, wearing and 
friction. However, further and more detailed studies are needed to fully understand these phenomena. 
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1. Introduction 
Laser additive manufacturing (LAM) has gained considerable interest in the past few years. The phenomenal 
publicity created around all additive manufacturing since the emerging of cheap consumer grade 3D printers has paved 
the way for more serious processes available for the industry. At the same time, 3D printing technology and additive 
manufacturing are separated as terms; 3D printing means all consumers manufacturing when additive manufacturing 
refers to industrial fabrication. The most important driver for this growth of interest is that the quality of the laser 
additive manufactured parts is high enough for the parts to be used in different industrial fields as functional parts. 
Also the possibilities to create geometrically complex parts and even parts that are impossible to fabricate with other 
methods have raised the interest (Gibson, Rosen & Stucker 2010, Buchbinder et al. 2011, Matilainen et al. 2012). 
 
Nomenclature 
Mz+ metal involved in electrochemical process 
ze- electrons involved in electrochemical process 
Red  reducing agent 
Ox oxidation product of reduction 
Laser additive manufacturing process is a layer-wise material addition technique which allows manufacturing of 
complex 3D parts by selective solidification of consecutive layers of powder material on top of each other. Solid 
structure is achieved by thermal energy supplied by focused, computer guided laser beam. The process produces 
practically fully dense parts. For example, EOS states a density of approximately 100 % for EOS PH1 stainless steel. 
In many cases, the pieces do not need any other post-processing than detaching from the build platform and surface 
finishing (Bineli et al. 2011, Piili et al. 2013, Schleifenbaum et al. 2009). In LAM process, the parts are built layer by 
layer as the laser beam melts the metal powder one layer after another. Basic principle of LAM process is shown in 
Fig. 1. 
Fig. 1. Basic principle of LAM process. Modified from: (Scotti et al. 2014). 
As it can be seen from Fig. 1, the LAM process begins with creating 3D model and then converting it to STL-file. 
Finally, the STL-file is sliced into 2D slices, from where the LAM machine reads the layer data. At first, layer of metal 
powder is spread and after that laser beam scans the cross-section of the layer. Then again the powder is spread and 
cross-section is scanned and melted with laser beam. This process continues until the part is finished. 
Electrochemical deposition has developed significantly over recent decades and it is seen valuable for wide variety 
of applications of practical science and engineering. As this study investigates two different ways to fabricate machine 
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parts, namely conventional machining and additive manufacturing, one scope of this study is to characterize how these 
fabrication technologies affect coating properties. All mechanical parts are exposed to wearing, due to friction and 
corrosion. Traditional way of improving surface properties where these perishing of surface happen is galvanic 
metallization (Schlesinger et al. 2000).  
Electrochemical deposition of metals and alloys involves the reduction of metal ions from electrolytes, which are 
most commonly aqueous. Electroplating by nickel is commercially important surface treatment process and is annually 
consumed for electroplating approximately 100 000 tons worldwide. Nickel supplies well corrosion and wear 
protection to the base metal. Nickel is often electroplated by chromium as nickel itself is prone to tarnishing. 
Chromium also has better wearing and friction properties than nickel does (Schlesinger et al. 2000, Paunovic et al. 
2006). 
When metal, which is intended to coat by another metal, is immersed in an aqueous solution containing ions of 
that coating metal Mz+ there will be an exchange of metal ions Mz+ between cathodes and electrolytes (see Fig. 2) 
(Ruotsalainen 2010). 
Fig. 2. Basic principle of electroplating process (Ruotsalainen 2010). 
Source of metal ions in electrolyte can be soluble anodes or added salt containing metal ions needed. 
Electrochemical deposition of metals and alloys from aqueous electrolytes encompass both an electroplating and 
electroless plating. Latter is also called autocatalytic process. What is common for both processes is the reduction 
of positively charged metal ions Mz+ in aqueous solution. Electrodeposition of metal M is shown in Equation 1. 
 
MzeM cathodez  o        (1) 
Reduction of metal M in electroless process is shown in Equation 2. 
 
OxMdM surfacecatalyticz  o Re      (2) 
 
Differences within these two processes are how electrons participating on this process are supplied. Within 
electroplating process electrons are provided by an external power supply whereas within electroless process electrons 
comes from reducing agent in the solution and therefor no external power supply is needed (Schlesinger et al. 2000, 
Paunovic et al. 2006, Tracton 2007). 
 
2. Aim and purpose of this study 
The aim of this study was to preliminarily investigate the properties of electroplated conventional machined and 
laser additive manufactured (LAM) stainless steel objects. In addition, the coating of this material with three different 
nickel layers and chromium as well as the properties of these coating materials in the finished pieces was also studied. 
Because of tarnishing electroplated nickel is electroplated by chromium. Nowadays decorative nickel coatings are 
mirror bright itself. Multi-layered nickel coatings rise above single-layer ones of equal thickness and are observed to 
protect materials even better from corrosive environments (Schlesinger et al. 2000). 
Chemical nickel within these studies was used as tentative coating for bright nickel and chromium. Chemical nickel 
itself also needed tentative coating as it did not adhere on these stainless steel materials. Tentative coating for chemical 
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nickel was sulphamine nickel. Bright nickel and chromium coated LAM bodies were compared to machined objects, 
which were made of the SS316L stainless steel and LAM stainless steel objects plated with chromium.  
The aim of the study was also to concentrate on the visual appearance of coated objects and by making test slices 
of them, which were examined under a microscope. The Pin-On-Rod objects were used to evaluate the wear resistance 
of the plating. Finally, the pieces were placed in the salt spray corrosion test chamber, where an accelerated test for 
corrosion in open air was simulated. This will give the understanding of surface properties of test bodies and especially 
behaviour of two different materials with two different coatings during wearing test and their corrosion properties in 
the salt spray corrosion test chamber. 
3. Used material and equipment 
3.1. Test pieces 
Purpose of the design was that size of test pieces are small enough that they can be easily immerse in the plating 
bath. Another point of view was that large size does not give any benefits and of course small sized parts are faster to 
produce. Diameter of the parts fluctuated between 29.70-29.80 mm. Height was 30.00 mm. Laser additive 
manufactured stainless steel work pieces are presented on Fig. 3. Test pieces are without coating (on the left), 
chromium coated (middle) and bright nickel coated (on the right). Via earlier experience of authors, it is noticed that 
chemical nickel does not adhere on the surface of stainless steel. To avoid this problem, it is found out that instead of 
problems with chemical nickel, sulphamine nickel adheres on the surface of stainless steel. 
Fig. 3. LAM manufactured test pieces. On the left without coating, middle chromium coated and right bright nickel coated. 
Chemical nickel itself is known to have very good wearing properties but adding two layers with good wearing 
properties might give even better ones. Chromium is well known to have good wearing and corrosion properties and 
to enhance properties of nickel; chromium was electroplated on the surface of nickel (Schlesinger et al. 2000, Dini, 
1997). Trivalent chromium does not adhere well on the surface of chemical nickel and there was used as a buffering 
layer bright nickel. Trivalent chromium does adhere on the surface of bright nickel and within these studies these 
multilayers were examined and compared. 
3.2. LAM machine 
Laser additive manufacturing system for metallic materials located at Lappeenranta University of Technology was 
used in this study. This system consisted of a laser unit, scanner optics, process chamber, and process control 
computer. This LAM system is a modified research equipment representing EOS EOSINT M-series. The research 
equipment has been modified such that the equipment is similar to commercial equipment but built for research use. 
It is not available commercially. It is equipped with IPG YLS-200-SM-CW fiber laser and Scanlab hurry SCAN 20 
scanner. The laser unit produces power of 200 W at a wavelength of 1070 nm and the focal length is 400 mm.   
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3.3. Electroplating device 
Electroplating process consists of metal part to be coated immersed electrolytic, solution, which contains metal 
salts. Electroplated part works as a negative electrode (cathode) and positive electrode (anode) is a suitable material 
closing circuit. Anode material can be soluble or insoluble. Salts containing positively charged metal ions pass through 
to the surface of cathode by diffusion, the movement of solution and the effect of the electric field. In this study, 
soluble nickel anodes were used in electroplating and phosphorus was reducing agent in the case of electroless plating. 
Electroplating device is introduced on Fig. 4. 
Fig. 4. Matrix cell of electroplating unit 
3.4. Materials  
Laser additive manufactured work pieces: Material used in this study was EOS Stainless Steel 316L powder which 
is fine medical grade stainless steel powder and characterized by having good corrosion resistance and excellent 
mechanical properties.  
This type of stainless steel material is widely used in engineering applications where high hardness, strength and 
corrosion resistance is required. Suitable applications can be found for example in medical or aerospace industries. 
Also this material can be used for building functional prototypes, small series products and individually designed end 
products and spare parts. Mechanical properties of built parts are fairly uniform in all directions when using the 
standard process parameters. The ultimate tensile strength is in XY direction approx. 640 MPa and in Z direction 540 
MPa. Yield strength is ca. 530 MPa in XY direction and 470 in Z direction. The hardness is 85 HRB. These values 
are for untreated parts as built (EOS GmbH 2014). 
Machined work pieces: conventionally machined steel parts were manufactured from AISI 316L, the low carbon 
version of 316. These grades are immune from sensitization (grain boundary carbide precipitation). Because of low 
carbon content it is extensively used in welded components in mechanical engineering industry. AISI 316 and 316L 
are the standard molybdenum-bearing grades, right after 304 amongst the austenitic stainless steels. The molybdenum 
gives them better overall corrosion resistant properties than AISI 304, particularly higher resistance to pitting and 
crevice corrosion in chloride environments (Koivisto et al. 2008). 
Electroplating Coating materials used within these studies were sulphamine nickel, chemical nickel, bright nickel 
and chromium. The resistance of electroless nickel layers to wear is one of their significant properties. Hardness of 
electroless nickel depends on the amount of phosphorus and boron and this hardness can be increased with heat treatment. 
Some typical applications where these coatings are used to reduce wear include: hydraulic cylinders, pumps, valves, 
shafts and gears. It is also known that the recent developments of low phosphorus electroless nickel coatings have 
even better properties against wearing than medium or high phosphorus nickel. In another words increasing 
phosphorus content a gradual decrease in hardness. By definition of low phosphorus nickel contains 1-5 % by weight 
phosphorus, medium phosphorus nickel contains 5-8 % by weight phosphorus and high phosphorus nickel contains 
9-12 % by weight phosphorus (Schlesinger et al. 2000, Tracton 2007, Dini 1997). 
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3.5. Analysis equipment 
Test pieces were examined with The Pin-On-Rod test machine (see Fig. 5) to evaluate the wear resistance of the 
plated test pieces. Test piece is placed on the test machine were aluminium oxide ball is weighted on it. Friction force 
between test piece and aluminium oxide ball is measured and saved on computer.  
Corrosion tests (AASS) were done in the salt spray corrosion test chamber (Corrosionbox CRBX 400E) according 
to SFS-EN ISO 9227.  One must know that there is no direct relation between resistance to the action of salt spray and 
resistance to corrosion in other media. There are several factors influencing the progress of corrosion, such as the 
formation of protective films, like different type of stainless steels. Also environmental properties like temperature 
and pH have remarkable effects. This is why the test results with metallic materials should not be regarded as a direct 
guide to the corrosion resistance testing within different environments where these materials may be used.  
Quality control and comparison of a metallic material within these salt spray testing are generally suitable as 
corrosion protection tests for quick analysis. In AASS corrosion test there is a sufficient amount of glacial acetic acid 
to the salt solution to ensure that the pH of samples of sprayed solution collected in the test cabinet is between 3,1 and 
3,3 (SFS-EN ISO 9227). Corrosion test chamber is presented in Fig. 6.  
Fig 5. The Pin-On-Rod test machine.   Fig 6. Corrosion test chamber. 
4. Experimental procedure 
4.1. LAM system 
The building process takes place in the process chamber and the process is controlled by the computer. The building 
chamber is divided into three platforms, where the middle one is the platform where the parts are built. The building 
chamber is presented in Fig. 7. 
Fig. 7. Process chamber of the LAM machine. 
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The other two platforms serve as powder dispenser platform and as powder collector platform where the extra (non-
use overflow) powder is collected. The powder is spread with a recoater, which spreads the powder evenly on the 
building platform. The building platform is heated and kept at constant 80 °C. The chamber is filled with nitrogen gas 
to decrease the oxygen level of the chamber atmosphere. The level of nitrogen is 99.8 % during the building process. 
Nitrogen works as a protective gas and it helps to avoid oxidation of the heated metal. 
4.2. Electroplating device 
Electroplating process is sensitive for contamination and success of electroplating depends on removing impurities 
and films from the substrate. Impurities such like organic or non-metallic films interfere bonding and cause loose 
adhesion or even prevent deposition. Electric current densities do effects on rate of deposition. It also effects on 
contemporaneous deposition of undesirable impurities and possible burning of deposition (Schlesinger et al. 2000). 
After setting up these parameters parts to be plated were first cleaned chemically, then electrically and in conclusion 
by pickling. Chemical nickel have problem to adhere on stainless steel parts surface where there is thin chromic oxide 
film. That is why these samples were first electroplated by sulphamine nickel as tentative coating for chemical nickel. 
They were then chemically plated by nickel where phosphorus acts as a reducing agent. Chemical nickel helps bright 
nickel to adhere on the surface. Half of parts were also plated chromium and then these two coatings were compared 
to each other. 
4.3. Analysis equipment 
Within these studies, test piece were set on Pin-On-Rod testing machine, which were rotating 300 rpm during 20 
minutes. Pressuring weight for aluminium oxide ball was 20 grams. With this set value, friction coefficient and friction 
force were evaluated within this set up. During corrosion testing test pieces were evaluated after every 24 hours. 
Corrosion tests lasted even 264 hours and after this time period they were compared to reference pieces. 8 mm diameter 
holes were drilled on test pieces to evaluate properties of deposition on the edge of hole.   
5. Results and discussion 
Aim of this study is to provide preliminary results of using electroplating in coating of additively manufactured 
work pieces. Additive manufacturing of metallic materials enables fabrication of very complex geometries for 
demanding industrial applications. Electroplating could be used as flexible method to enhance properties of these 
work pieces. This study was concentrating on preliminary testing of electroplating with conventionally manufactured 
work pieces and with additively manufactured work pieces.  
Friction force vs. time was evaluated from both electroplated and non-electroplated samples. Strength of 
electroplated work pieces is very often evaluated by friction force. Fig. 8a and Fig. 8b illustrate Pin-On-Rod test results 
for uncoated machined work piece and uncoated laser additive manufactured work piece. 
Pin-On-Rod test results for uncoated work pieces show that average friction force of machined work piece was 1.0 
N and average friction coefficient was 2.0. Average friction force of laser additive manufactured work piece was 1.1 
and average friction coefficient was 2.1. These results show that laser additive manufactured work pieces had higher 
friction force. This phenomenon is due to the surface structure, which is rougher on laser additive manufactured work 
piece. These results can be compared to those, which are electroplated with bright nickel and chromium. These results 
are illustrated Fig. 9a and Fig. 9b. 
Pin-On-Rod test results for electroplated work pieces show that average friction force of machined work piece is 
same what same as without electroplating and it was 1.1 N and average friction coefficient was 2.1. Average friction 
force of laser additive manufactured work piece was 1.2 and average friction coefficient was 2.4. These results show 
that electroplating with bright nickel and chromium will increase both friction force and friction coefficient. This 
phenomenon is due to the very thin chromium layers. These chromium layers were only 3.8 μm in the case of machined 
work piece and in the case of laser additive manufactured work piece chromium layer were only 3.3 μm. Beneath of 
these layers there were bright nickel layers. These thin hard layers are not capable to carry weight and they were easily 
worn away from the front of aluminium oxide ball and friction increased. 
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(a)                                                                                                                      (b) 
Fig 8. Friction test of electroless (a) machined work piece and (b) laser additive manufactured work piece. 
(a)                                                                                                                        (b) 
Fig 9.Friction test of electroplated (a) machined work piece and (b) laser additive manufactured work piece. 
Fig. 10a and Fig. 10b shows laser additive manufactured and machined work pieces with bright nickel and 
chromium plated test pieces 264 hours expose in salt spray chamber respectively. Machined work pieces suffered 
more vigorously of corrosion compared laser additive manufactured work pieces. These results must be transmitted 
from base materials were surface conditions differed from each others. As laser additive manufactured work pieces 
surface conditions are more rough (see Fig. 11), bright nickel and chromium layers are more tightly plated on surface. 
As it can be observed from fig. 11, surface of base metal is rough and there are more surface area where bright nickel 
and chromium can adhere.  
Fig 10. (a) Laser additive manufactured and (b) machined work pieces with bright nickel and chromium plated test pieces 264 hours expose in 
salt spray chamber. 
a b 
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Results show that this rough surface and well adhered bright nickel and chromium will protect base metal from 
severe corrosion. All test results concludes that further studies have to be carried out to understand basic phenomena 
occurring. 
6. Conclusions 
Laser additive manufacturing (LAM) is a fabrication technology, which enables production of complex parts from 
metallic materials with mechanical properties comparable to those of conventionally machined parts. These LAM 
parts are manufactured via melting metallic powder layer by layer with laser beam.  
Aim of this study is to preliminarily define the possibilities of using electroplating to supreme surface properties. 
Electrodeposited nickel and chromium as well as electroless (autocatalytic) deposited nickel was used to enhance laser 
additive manufactured and machined parts properties, like corrosion resistance, friction and wearing. All test pieces 
in this study were manufactured with a modified research AM equipment, equal to commercial EOS M series. The 
laser system used for tests was IPG 200 W CW fiber laser. The material used in this study was stainless steel powder 
grade 316L used in additive manufacturing and machined AISI 316L. Electroplating was done in matrix cell and 
electroless was done in plastic sink properties of plated parts were tested within acetic acid salt spray corrosion 
chamber (AASS, SFS-EN-ISO 9227 standard). Adhesion of coating, friction and wearing properties were tested with 
Pin-On-Rod machine. 
Pin-On-Rod test results indicates that laser additive manufactured work pieces had higher friction force. This 
phenomenon is due to the surface structure, which is rougher on laser additive manufactured work piece. These results 
can be compared to those, which are electroplated with bright nickel and chromium. Pin-On-Rod test also reveals that 
electroplating with bright nickel and chromium will increase both friction force and friction coefficient. This 
phenomenon is due to the very thin chromium layers. These chromium layers were only 3.8 μm in the case of machined 
work piece and in the case of laser additive manufactured work piece chromium layer were only 3.3 μm. Beneath of 
these layers there were bright nickel layers. These thin hard layers are not capable to carry weight and they were easily 
worn away from the front of aluminium oxide ball and friction increased. 
Fig 11. Laser additive manufactured work piece electroplated by (a) bright nickel and (b) by bright nickel and chromium. 
Test pieces were also exposed for 264 hours in salt spray chamber. Machined work pieces suffered more vigorously 
of corrosion compared laser additive manufactured work pieces. These results must be transmitted from base materials 
were surface conditions differed from each others. As laser additive manufactured work pieces surface conditions are 
more roughly bright nickel and chromium layers are more tightly plated on surface. 
As an important conclusion of this study, it was also noticed that further, more detailed study is needed to 
understand basic phenomena occuring during electroplating of AM work pieces but also to be able to fully explain 
mechanical properties of electroplated samples. 
a b 
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